Reduced bioavailable nitric oxide (NO) plays a key role in the enhanced leukocyte recruitment reflective of systemic inflammation thought to precede and underlie atherosclerotic plaque formation and instability. Recent evidence demonstrates that inorganic nitrate (NO 3 − ) through sequential chemical reduction in vivo provides a source of NO that exerts beneficial effects upon the cardiovascular system, including reductions in inflammatory responses. We tested whether the antiinflammatory effects of inorganic nitrate might prove useful in ameliorating atherosclerotic disease in Apolipoprotein (Apo)E knockout (KO) mice. We show that dietary nitrate treatment, although having no effect upon total plaque area, caused a reduction in macrophage accumulation and an elevation in smooth muscle accumulation within atherosclerotic plaques of ApoE KO mice, suggesting plaque stabilization. We also show that in nitratefed mice there is reduced systemic leukocyte rolling and adherence, circulating neutrophil numbers, neutrophil CD11b expression, and myeloperoxidase activity compared with wild-type littermates. Moreover, we show in both the ApoE KO mice and using an acute model of inflammation that this effect upon neutrophils results in consequent reductions in inflammatory monocyte expression that is associated with elevations of the antiinflammatory cytokine interleukin (IL)-10. In summary, we demonstrate that inorganic nitrate suppresses acute and chronic inflammation by targeting neutrophil recruitment and that this effect, at least in part, results in consequent reductions in the inflammatory status of atheromatous plaque, and suggest that this effect may have clinical utility in the prophylaxis of inflammatory atherosclerotic disease.
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atherosclerosis | inflammation | nitrate | nitric oxide | diet O ne of the early hallmarks of atherosclerosis is endothelial dysfunction, which is also synonymous with a lack of bioavailable endothelial nitric oxide synthase (eNOS)-derived nitric oxide (NO). Accordingly, atherosclerosis is associated with reduced levels of endogenous NO (1, 2) . Tonic NO generation by the endothelium plays a pivotal role in sustaining cardiovascular health by promoting vasodilatation, exerting antithrombotic and, importantly, antiinflammatory effects. A reduction in bioavailable endothelium-derived NO has been implicated in several phenomena associated with atherogenesis, including the low-grade systemic inflammation evident in hypercholesterolemia and the enhanced inflammatory cell recruitment that triggers and perpetuates atheroma formation (3) . Thus, restoration of bioavailable NO levels in atherosclerosis may offer a therapeutic approach for improvements in inflammation and therefore, potentially, disease prevention.
Attempts to restore NO levels using NO donors, particularly the organic nitrates, L-arginine (the substrate for conventional NO synthesis) or tetrahydrobiopterin (an essential cofactor for conventional NO synthesis), have yielded many positive outcomes in both preclinical and clinical assessments. All three have been associated with beneficial effects, including improvements in vascular function, systemic inflammatory profile, local inflammation at lesional sites, and an improved platelet profile (4) (5) (6) . However, several clinical investigations, particularly long-term studies, have failed to translate these observations into clinical benefit (e.g., refs. [7] [8] [9] . The reasons for these discordant findings are variously attributed to an uncoupling of NOS for L-arginine (10), tolerance and induction per se of vascular dysfunction with the organic nitrates (11) , and oxidation of tetrahydrobiopterin (9) . These issues suggest that the failure of translation may lie in the failure of effective delivery of NO rather than a lack of efficacy of NO. Thus, identification of alternative strategies to improve bioavailable NO levels are warranted.
A potential "alternative" route for NO delivery has been proposed in the form of inorganic nitrate. Orally ingested or endogenously produced nitrate is extracted from the circulation by the salivary glands and then secreted in the saliva into the oral cavity, where it is reduced to nitrite (NO 2 − ) by bacteria-expressing nitrate reductase activity (12) . This nitrite-rich saliva is then swallowed and enters the blood, where it can be further reduced to NO by vascular nitrite reductases, including xanthine oxidoreductase (XOR) (13, 14) . Recent evidence suggests that dietary nitrate pretreatment or acute nitrite administration, by delivering NO to the vasculature, reduces leukocyte activation in response to an acute chemokineinduced inflammation (15) or following prolonged cholesterol treatment (16) . Because recruitment and activation of leukocytes is a pivotal process in both plaque initiation and progression, we investigated whether dietary nitrate might reduce atherosclerosis through targeting of inflammatory mechanisms in athero-prone Apolipoprotein (Apo)E knockout (KO) mice.
Significance
Reduced bioavailable nitric oxide generated within the vascular wall is a key pathogenic mechanism involved in the formation and rupture of an atheromatous plaque, the latter leading to myocardial infarction or stroke. We show that inorganic nitrate supplementation through delivery of nitric oxide reduces systemic leukocyte rolling and adherence, circulating neutrophil numbers, and monocyte activation through direct repression of neutrophil activation and up-regulation of interleukin-10-dependent antiinflammatory pathways in athero-prone mice. These antiinflammatory effects of inorganic nitrate result in reduced macrophage content of atherosclerotic plaques coupled with an elevation of smooth muscle content, resulting in a stable plaque phenotype. Our data suggest that inorganic nitrate supplementation has antiinflammatory effects, which may have clinical utility in the prophylaxis of atheroma development.
Results

Dietary Nitrate Causes Dose-Dependent Elevation of Nitrite and
Nitrate Levels Across all Compartments. To confirm previous reports that atherosclerosis per se results in deficiencies in bioavailable NO, we measured the levels of nitrite and nitrate across blood and tissue compartments in 12-wk-old WT and ApoE KO littermate mice. Interestingly, at baseline lower levels of nitrate, but not nitrite, were evident in plasma and tissue of ApoE KO compared with WT mice (Table 1) .
To establish a dose of KNO 3 or KNO 2 that reproducibly elevates levels of nitrite across most tissue compartments, we assessed the impact of various doses in blood and tissues of WT mice. Delivery of KNO 3 in the drinking water for 2 wk provided consistent, dose-dependent, and statistically significant elevation of circulating nitrate and nitrite levels in WT mice, whereas KNO 2 caused a rise in nitrite but not nitrate levels (Fig. S1 ). There were no differences in drinking water or food consumption between the groups (Table S1 ). Based upon these observations, 15 mmol/L KNO 3 was used for all further dietary experiments.
Treatment of mice with 15 mmol/L KNO 3 for 2 wk caused 2-to 5-fold increases in nitrite and 4-to 14-fold increases in nitrate levels across tissues that were similar between the genotypes, with the exception of greater levels of both anions in the plasma and red blood cells (RBCs) of ApoE KO compared with WT mice (Table S2) . Similarly, effects of this dose were evident in normal chow diet (NCD) and high-fat diet (HFD)-fed ApoE KO mice (Fig. 1A) . In addition, KNO 3 treatment also resulted in elevations of cGMP in WT (control 24.4 ± 2.5 nmol/L vs. nitrate 40.1 ± 12.3 nmol/L, n = 10, P = 0.23) and ApoE KO (control 18.1 ± 2.2 nmol/L vs. nitrate 26.9 ± 2.6 nmol/L, n = 10, P = 0.02). HFD feeding elevated cholesterol levels; however, there were no differences between the groups with respect to low-density lipoprotein (LDL), very LDL (VLDL), or high-density lipoprotein (HDL) levels ( Table 2) .
Inorganic Nitrate Alters Plaque Composition. KNO 3 treatment caused small but significant reductions in blood pressure in comparison with KCl controls, demonstrating efficacy of the dietary intervention (Table S3 ). In contrast, there was no difference in total plaque area between treatments in either NCD-or HFD-fed mice ( Fig. 1 B and C ) and no differences in percent plaque of aortic arch area (Fig. 1D) . However, Mac2 staining within the areas of plaque was reduced in KNO 3 -fed mice compared with KCl controls: an effect evident in both NCD-and HFD-fed animals ( Fig. 1 E and H) . Although immunostaining exposed no evidence of α-smooth muscle actin (αSMA) in plaques of NCDfed animals, with HFD feeding an increase in expression was evident in the KNO 3 -treated versus the KCl-treated mice ( Fig. 1 F  and H ). There were no differences in collagen expression between any of the groups ( Fig. 1 G and H) .
Nitrite Reduces Leukocyte Recruitment in ApoE KO Mice. Because macrophage accumulation was reduced with nitrate-feeding, we used intravital microscopy to determine whether this might relate to a generalized suppression of systemic inflammation. Indeed, cremaster baseline cell rolling and adhesion were suppressed in KNO 3 compared with KCl-fed mice on NCD (Fig. 2 A-C) . In addition, nitrite superfusion caused concentration-dependent reductions in both leukocyte rolling and adhesion in ApoE KO (Fig.  2C ) but not WT (Fig. 2B) mice. These effects were not a result of differences in blood flow because RBC velocity, wall shear rate, and venule diameter in response to nitrite were no different between the two genotypes (Fig. 2D) .
Dietary Nitrate Suppresses Acute Inflammation in WT and ApoE KO Mice.
To explore the antiinflammatory activity of inorganic nitrate and to gain greater clarity upon the cell types targeted by this intervention, we assessed the impact of KNO 3 treatment on tumor necrosis factor (TNF)-α and zymosan-induced peritonitis. We used this model as it allowed us to look specifically at the cell recruitment response but also to use TNF-α, a proinflammatory mediator implicated in atherogenesis. We assessed responses at 4 and 24 h following stimulus application because these time-points coincide with the early and later stages of the acute inflammatory response characterized by increased neutrophil and inflammatory monocyte presence, respectively. In WT mice both inflammogens caused increases in leukocyte number within the peritoneal wash that was inhibited by KNO 3 in a dose-dependent manner, an effect particularly evident at the 4-h time-point (Table S4 ). Analysis of the leukocyte subsets within the lavage identified the cellular infiltrate at this time-point as predominantly neutrophilic (Fig. 3) , the numbers of which were dosedependently attenuated with inorganic nitrate (Fig. 3 and Fig. S2 ). In accordance with this observation, myeloperoxidase (MPO) activity levels were also reduced in both peritoneal cell pellet lysates and homogenized mesenteries (Fig. 3) . Additionally, flow cytometric analysis demonstrated that the reduced neutrophil recruitment was associated with a concentration-dependent suppression of neutrophil CD11b but not CD162 or CD62L at both 4 and 24 h (Table S5) .
Based upon the above findings, we assessed the effects of KNO 3 treatment on TNF-α-induced cell recruitment in ApoE KO mice. Similarly to WT mice, treatment with inorganic nitrate reduced peritoneal neutrophil recruitment, an effect associated with a reduction in MPO activity and CD11b expression (Fig. 4) . Because within atherosclerotic plaques the key characteristic reflecting instability is the increased number of macrophages, in part a result of increased numbers of inflammatory monocytes, we assessed the possibility that the reduced neutrophil count in peritoneal lavages might also consequently lead to reductions in the number of inflammatory monocytes. Indeed, whereas at 4 h we saw no effect, at 24 h there was a near complete suppression of inflammatory monocyte numbers (Fig. 4G) . A key endogenous mediator influencing inflammatory recruitment is the Statistical comparison using unpaired t test between WT and ApoE KO littermate mice at 12 wk of age. Data are shown as mean ± SEM of (n) mice. Statistical significance determined using unpaired t test.
cytokine IL-10, released by the cellular infiltrate as a self-limiting pathway. Indeed, inorganic nitrate treatment was associated with elevated IL-10 in peritoneal lavage fluid (Fig. 4H ).
Inorganic Nitrate Exerts a Modest Influence on Circulating Cell
Numbers and Chemokine Levels in ApoE KO Mice. KNO 3 treatment resulted in an overall decrease in circulating cell numbers in NCD-fed animals, with a trend for lower numbers in HFD-fed mice vs. KCl control (Table S6 ). In the NCD-fed animals this reduction in numbers appears to relate to a modest reduction in circulating neutrophils and a significant rise in resident monocytes. In addition, whereas CD11b expression of neutrophils was reduced with inorganic nitrate treatment, there were no differences in the expression of activation markers (CD11b, CD62L, ; n = 14-18 for plaque area; n = 9-15 for plaque composition. Statistical significance was determined using unpaired t test represented by *P < 0.05, **P < 0.01, ***P < 0.001, or ****P < 0.001 compared with control. (Mac-2, 1 data point in chow KNO 3 and for αSMA, 1 data point in Western KNO 3 excluded using Rout's outlier test).
and CD162) on any other cell type (Table S7 ). These differences were also associated with modest reductions in the circulating levels of the chemokines CXCL1 and CCL2, with a trend for reduction in CCL5 levels (Fig. S3) . Interferon (IFN)-γ, IL-10, IL-1β, IL-4, and granulocyte macrophage colony-stimulating factor (GM-CSF) plasma levels were undetectable. However, assessment of tissue levels of the chemokines/cytokines within the plaque region (i.e., aortic arch segments) demonstrated no significant effects upon mRNA levels of CXCL1, CXCL2, or CCL2 (Fig. S4 ), but in contrast IL-10 mRNA levels were significantly enhanced in aortic arch by inorganic nitrate treatment in NCD-fed mice only (Fig. 4I ).
Nitrite Reductase Activity Is Enhanced in ApoE KO Mice. To determine the pathways for nitrite bioactivation in ApoE KO mice, we measured the nitrite reductase activity in the liver (17) and RBC (18, 19) . These tissues were chosen because both sites represent significant sites for in vivo nitrite reductase activity but also as a surrogate for regions of plaque. Unfortunately, the sample size of plaque in mice provides insufficient amounts of tissue to Table 2 . Dietary nitrate and lipid levels in NCD-or HFD-fed mice ApoE KO mice were fed a NCD or HFD and either KNO 3 or KCl (15 mmol/L) in the drinking water for 12 wk. Data are shown as mean ± SEM of (n) mice. Statistical significance was determined using unpaired t test comparing the KNO 3 -treated mice to KCl treatment in either NCD-fed mice or HFD-fed mice. There were no significant differences.
A B C D Fig. 2 . Nitrite reduces leukocyte recruitment in ApoE KO mice. Dietary nitrate suppresses leukocyte rolling and adhesion in NCD-fed mice with no effect in HFD-fed mice (A). Nitrite had no effect on WT leukocyte rolling or adhesion (n = 7) (B), however caused a concentration-dependent reduction in ApoE KO leukocyte rolling and adhesion (n = 5) (C ) with no effect on venule blood flow (n = 4/5) (D). All data are expressed as mean ± SEM of (n) mice. Statistical significance was determined using unpaired t test for comparison between KNO 3 or KCl treated mice or one-way ANOVA followed by Dunnett's posttest for comparison of nitrite-induced effects versus baseline and posttest significance represented by *P < 0.05 or **P < 0.01 compared with control. measure this directly within the plaque region. Nitrite reduction was enhanced in tissues of ApoE KO vs. WT littermate mice in both tissues. Furthermore, treatment with the XOR inhibitor allopurinol attenuated this activity in homogenates of ApoE KO but not WT mice (Fig. 5) . Western blotting of both tissue types demonstrated an approximate doubling of XOR expression in ApoE KO mice compared with WT littermate (Fig. 6 A and B) . This increased expression was also associated with an increase in conventional XOR activity (i.e., purine catabolism) (Fig. 6C ).
Discussion
The enterosalivary circuit of inorganic nitrate is emerging as a "noncanonical" pathway of NO delivery in vivo that can be harnessed to exert beneficial cardiovascular effects, including blood pressure lowering, antiplatelet activity, and improvements in mitochondrial function. Herein, we demonstrate that delivery of inorganic nitrate in the diet also attenuates inflammation in atherosclerosis, resulting in changes within atherosclerotic plaque that support a stable plaque phenotype. We speculate that such an effect of inorganic nitrate might be useful in the therapeutics of atherosclerotic disease.
Endothelial dysfunction is a phenomenon occurring early in disease progression (20) , particularly in atherosclerosis, with its presence reflected by reduced vascular flow responses (21, 22) and lower NO x levels in plasma (23, 24) , although the evidence for the latter is scant. Our assessment of the distribution of both anions demonstrated a generalized reduction in the levels of nitrate but not nitrite in ApoE KO compared with WT mice across all of the compartments assessed, an observation also reported to occur in patients with coronary artery disease (23) . The underlying mechanism of this effect is thought to be because of the endothelial dysfunction exhibited by these mice as a result of reduced eNOS activity (25) . In contrast to our work, some studies suggest that reduced levels of plasma nitrite and not nitrate more accurately reflect disease severity and vascular flow responses (24, 26) . However, it is accepted that the dominant pathway for NO metabolism occurs through its oxidation by hemoglobin directly to nitrate (27) rather than nitrite, and our data fit with this view. The difference between our observations and the above published reports may also reflect the difference between acute stimulation of endothelium-derived NO (as measured in the two studies assessing flow responses) and tonic NO generation (reflected from baseline NO x measures, as in our Dietary nitrate did not alter baseline peritoneal cell numbers (n = 10) (A) but did reduce TNF-α (n = 10) (B) and zymosan (n = 17) (C) -induced neutrophil recruitment into the peritoneal cavity at 4 and 24 h. This effect was associated with reduced MPO activity in the (D) cell pellet (n = 6) and (E) mesentery (n = 6-10) at both time points. Data are shown as mean ± SEM and analyzed using oneway ANOVA followed by Dunnett's multiple posttest represented by *P < 0.05, **P < 0.01, or ***P < 0.001 compared with control. study). Nevertheless, treatment with KNO 3 resulted in elevations of both nitrate and nitrite across all compartments, with no evidence of any particular organ selectivity, indicating that at least in ApoE KO mice the pathways for uptake of the two anions is universally present and that dietary nitrate effectively restores, and can elevate beyond, normal physiological levels. In support of the suggestion that dietary nitrate ultimately results in NO delivery in vivo are our observations demonstrating that nitrate feeding also results in elevations of cGMP, perhaps the most sensitive indicator of NO bioactivity (28) . Whereas a HFD regimen increased plaque burden compared with NCD in ApoE KO mice, dietary nitrate treatment for 12 wk with KNO 3 (15 mmol/L)-enriched water did not alter the total plaque burden. This observation is in agreement with very recently published findings in LDL receptor KO mice, where a 14-wk NaNO 3 -treatment did not alter plaque size in HFD-fed mice (29) . However, further interrogation of plaque composition in our study demonstrated that with KNO 3 treatment there was a reduction in the macrophage load within the plaque region, whether the mice had consumed a diet high in fat or not. This change was associated with increased smooth muscle cell accumulation within the plaque; such a profile has been proposed to represent an indication of plaque stability (30) , thus supporting the view that KNO 3 facilitated a stable plaque presentation. This effect on smooth muscle may seem counterintuitive. It has been long known that NO inhibits smooth muscle proliferation with evidence of this effect both in vitro (31) and in vivo (32) , and that nitrite also exerts inhibitory effects on proliferation in a vascular injury model (33) . We propose that the accumulation of smooth muscle within the plaque is likely an indirect effect of reduced macrophage content. Indeed, it has been shown previously that smooth muscle cell proliferation is inhibited when in coculture with macrophages (34, 35) , intimating that by lowering the macrophage content of the plaque this will result in a consequent removal of the inhibitory influence on smooth muscle cell proliferation. We acknowledge that our findings perhaps do not fit well with some previous data. Evidence has shown that genetic deficiency of eNOS, or inhibition of NOS activity using NOS inhibitors, in mice with a proatherogenic phenotype (i.e., ApoE KO or LDLr KO), substantially increase plaque size (36, 37). There is also a large body of evidence demonstrating improved endothelial function and levels of other surrogate markers in preclinical models and in patients with NO donors. In contrast however, there is little consensus regarding effects of NO donors upon plaque size, with several studies demonstrating no effect (36, 38) . There is also some evidence suggesting that treatment with certain indirect NO donors, although not altering plaque size, do result in improvements in the inflammatory profile and stabilization of plaque, particularly in largeanimal models (rabbit) (39) . There is also some very recent data that might help further in understanding our observations. Studies using sGCα1 KO mice crossed with LDLr KO mice have shown surprisingly a decrease in plaque burden compared to LDLr KO alone. The authors suggest that PKG increases smooth muscle proliferation and that this underlies the apparent benefits of deletion of the gene by triggering a switch in smooth muscle cell phenotype (40) . Interestingly the authors only consider that such an effect is detrimental; however, of course in the atherosclerotic scenario, a stimulus that is antiinflammatory but at the same time increases smooth muscle content of a plaque would be, in the long term, beneficial in terms of switching a plaque from an unstable to a stable phenotype. It is possible that such a phenomenon underlies the effects seen herein with dietary nitrate treatment.
It is noteworthy that in contrast to our findings, the study of Marsch et al. (29) , using NaNO 3 , showed no differences in inflammatory markers in atherosclerotic lesions of athero-prone mice. An important difference between this study and ours is that in the Marsch study treatment with NaNO 3 was not associated with elevations in circulating nitrite levels. It is likely that this absence of sufficient nitrite underlies the lack of bioactivity. It is also possible that the use of different nitrate salts may have resulted in differences in renal clearance of the anion. The mechanism by which nitrate is reabsorbed following glomerular filtration is unclear; however, it has been suggested that sodium and nitrate may be reabsorbed at the same site, intimating cotransport (41) . Administration of NaNO 3 in dogs resulted in reduced NO x reabsorption and greater NO x excretion (42) . In these studies, no discrimination between nitrite and nitrate was made and further assessment of this would be of value. Such relationships between sodium and NO x anions have not to date been demonstrated for potassium, and thus it is possible that the difference in salt underlies the differences in circulating nitrite and nitrate levels evident between the study of Marsch et al. (29) and our study herein. Further investigations assessing this possibility would be of value.
Reduced macrophage numbers within plaque regions could be related to reduced monocyte recruitment to the vessel wall, a direct effect on the endothelial cell or the monocyte, or an indirect effect of reduced neutrophil accumulation. With respect to the latter, the recruitment of neutrophils in atherosclerosis is an event known to occur in the early stages of atherogenesis before monocyte recruitment (43, 44) and thought to play a role in instructing other key leukocytes, particularly monocytes, to accumulate at vascular sites with a predilection for atheroma formation (45) . Our data suggest inorganic nitrate treatment results in a reduction in circulating leukocyte numbers driven by a reduction in neutrophil numbers. Assessment of activation state of these cells (CD11b, CD62L, and CD162) confirmed a 
(B). The same pattern was observed in erythrocytes (G and H).
Allopurinol had no effect on nitrite reductase activity from liver (C and D) or erythrocytes (I and J) from WT mice, in comparison ApoE KO mice exhibited reduced nitrite reductase activity in liver (E and F) and erythrocytes (K and L). Data are shown as mean ± SEM of n = 5. Statistical significance was determined using two-way ANOVA represented by # P < 0.05, ## P < 0.01, or ### P < 0.001, followed by Sidak's multiple posttest represented by *P < 0.05, **P < 0.01, or ***P < 0.001, significantly different from WT or control.
A B C Fig. 6 . Liver and erythrocyte XOR protein expression and activity is enhanced in ApoE KO mice. XOR expression in liver (A) and erythrocytes (B) and liver conventional XOR activity (C). Data are shown as mean ± SEM of n = 8. Statistical significance was determined using unpaired t test represented by *P < 0.05 or **P < 0.01 compared with WT.
neutrophil-specific effect of inorganic nitrate with neutrophil CD11b expression significantly attenuated, particularly in the NCD-fed mice, with no changes in expression of any of the other measured activation markers in neutrophils or any other cell type.
Interestingly, in accordance with a selective effect of nitrate on neutrophils, we also observed a generalized attenuation of neutrophiltargeting chemokines, CXCL1 and -2 and a trend for reduced CCL5. These chemokines have been implicated in neutrophil recruitment to athero-prone regions; in particular, evidence suggests that CXCL1 is a key chemokine involved in the mobilization of neutrophils from the bone marrow and platelet-derived CCL5 plays a critical role in neutrophil recruitment at athero-prone sites (46) . The lack of any differences in any of the chemokines specifically within the affected plaque region supports the argument that the effects of inorganic nitrate upon neutrophil chemokines likely relate to an action upon the circulating cells. Interestingly, we did observe a near-doubling of the levels of IL-10 mRNA within the aortic arch. IL-10 is thought to play a prominent role in resolving an inflammatory response (47, 48) , and importantly has been implicated in driving endogenous pathways limiting atherosclerosis (49) . Interestingly, the effects of nitrate upon IL-10 were evident only in the NCD-fed animals and not the HFD-fed mice. The feeding of mice with HFD is an approach taken to accelerate the atherosclerotic process and this is aptly demonstrated in this study where plaque size with HFD is double that in NCD-fed animals and is associated with significant remodeling reflected by SMA. We speculate that the effect of dietary nitrate upon IL-10 in NCD-fed animals reflects a change triggered in the early stages of inflammation within the plaque and that in the HFD-fed mice additional experiments at earlier time-points are likely to expose similar changes.
To investigate whether the effects of inorganic nitrate relate to repression of leukocyte recruitment, we assessed baseline cell rolling and adherence in the cremaster muscle of mice. Although the cremaster circulation is not one prone to atheroma development, it does provide a window on the levels of systemic inflammation, as well as offers an opportunity to assess potential antiinflammatory agents. Using intravital microscopy, we have shown that nitrite caused concentration-dependent repression of both leukocyte rolling and adherence in ApoE KO mice that was not a result of changes in local blood flow, an effect not observed in WT littermates. This finding suggests that compared with controls, the bioactivity of nitrite is up-regulated in the setting of atherosclerosis, and fits with evidence demonstrating elevated expression and activity of vascular nitrite reductases in cardiovascular disease scenarios (12) .
XOR as a nitrite reductase is of particular interest because its activity and expression is elevated in models of atherosclerosis (50) and in human disease within plaques (51), as well as the peripheral endothelium (52) . The main source of XOR is the liver from where it is shed into the circulation during periods of stress (53) and then binds with high affinity to endothelial cells via glycosaminoglycans (54) . More recently, we have demonstrated that XOR also binds to the erythrocyte (14) , which is noteworthy because there is a substantial body of evidence implicating the erythrocyte as a key site for the chemical reduction of nitrite. It is likely that both the erythrocyte and the plaque itself are sites for nitrite reduction in atherosclerosis. Indeed, the hypoxic environment within the plaque (55) represents an ideal environment for nitrite reduction and is particularly an environment that potentiates XOR-dependent nitrite reduction. We show elevated XOR expression and activity in both the liver and erythrocyte of ApoE KO mice in comparison with WT littermates. In addition, we also show in both preparations that this elevated XOR expression/ activity is associated with elevated nitrite reductase potential that is attenuated by XOR inhibition. These results suggest that in atherosclerosis nitrite, and hence nitrate, bioactivity is enhanced because of up-regulated XOR-dependent nitrite reductase activity. This profile of little or no contribution for XOR in health, but a more prominent role for the enzyme in nitrite reduction in disease, is very similar to the scenario demonstrated in hypertension (13) . It is likely in the healthy environment, nitrite reduction is driven by other possible nitrite reductases, particularly deoxyhemoglobin (18) .
Following chronic treatment with KNO 3 , a reduced leukocyte rolling and adherence was evident in ApoE KO mice, a finding in agreement with previous observations demonstrating reductions in leukocyte rolling in response to dietary nitrite in WT mice fed a HFD (16) . Interestingly, however, the beneficial effects of inorganic nitrate were only evident in mice fed a NCD and not in HFD-fed animals. These results suggest perhaps that the mechanisms governing elevated cell activation in ApoE KO mice fed diets rich in cholesterol differ from those in mice fed a NCD, but may also relate to the relative differences in the stage of disease progression between NCD-and HFD-fed mice, as also reflected by the IL-10 measurements. It is also possible that inorganic nitrate at the dose we tested is simply insufficient to overcome the proinflammatory effects of the HFD. We suggest that perhaps the most clinically relevant data stems from the mice on a NCD because these mice had cholesterol and LDL levels commensurate with human hypercholesterolemia, whereas the HFD caused levels of LDL that far exceed those seen in human disease.
To interrogate more closely the possibility that inorganic nitrate specifically targets neutrophils, we explored the effects of nitrate treatment in peritoneal inflammation induced by two distinct inflammogens: TNF-α and zymosan. Zymosan activates the complement cascade to promote predominantly neutrophil accumulation by 4 h followed by monocyte influx that is still on-going at 24 h (56). TNF-α, on the other hand, causes a modest accumulation of neutrophils, evident at 4 h, with a very small increase in monocytes that is resolved at 24 h. Dietary nitrate pretreatment caused a dosedependent reduction in neutrophil accumulation in response to either stimulus and concurs with previous findings demonstrating dietary nitrate induced reductions in CXCL2-induced leukocyte rolling and emigration (15) . The reductions, we show, in MPO activity confirm that neutrophils were targeted by nitrate, as also does the demonstration of selective reductions in neutrophil CD11b expression.
The effects of nitrate are because of its chemical reduction to NO, and the above profile of activity against inflammation fits well with current understanding of NO bioactivity. NO itself has been shown, in models of atherosclerosis, to reduce leukocyte activity and adhesion (57) and repress expression of several key adhesion molecules, including vascular cell adhesion molecule-1, intercellular cell adhesion molecule-1 (58), E-selectin (59), P-selectin (60) , and CD18 (61) . In addition, there is evidence that NO influences neutrophilic CD11b (62) and, interestingly, the binding of CD11b with MPO plays an important role in activating signaling pathways in this cell type. It is possible that at least some of the reduction in CD11b expression with inorganic nitrate treatment relates to direct NO-induced repression of this MPO activity. Further analysis of this particular pathway is warranted.
Finally, we suggest that targeting of the neutrophil by inorganic nitrate plays a critical role in the consequent reductions in the inflammatory load within the plaque region, reflected by the decrease in macrophage number. In the early stages of atherosclerosis the neutrophil plays a key role, through the release of specific chemoattractant mediators, in the consequent recruitment of inflammatory monocytes to the athero-prone site (44, 63) . Using an acute model of inflammation, we have shown that treatment of ApoE KO mice with inorganic nitrate reduces first neutrophil recruitment, followed by consequent reductions in the number of inflammatory monocytes. This effect is associated with an elevation of IL-10 levels. We also show that the reduced inflammatory load in atherosclerotic lesions of inorganic nitrate-fed ApoE KO mice is associated with elevated IL-10 mRNA levels. We suggest that the reduced inflammatory burden in the atherosclerotic plaques of inorganic nitrate-fed ApoE KO mice is caused, at least in part, by a nitrate-driven reduction in neutrophildependent recruitment of monocytes into the atherosclerotic plaque and an acceleration of the resolution of inflammation, driven by elevations in IL-10 expression and consequent activity (47, 48) . Further investigations using mice doubly deficient in both ApoE and IL-10 (64) may offer an opportunity to interrogate more closely this relationship. Although our evidence supports an important role for the proposed pathway, we recognize that it is likely that other targets for NO also play a role, such as the repression of thrombospondin-1 (65) .
In summary, we have demonstrated an antiinflammatory role for dietary inorganic nitrate in acute inflammation and in the chronic inflammation associated with atherosclerosis. We have shown that this effect of inorganic nitrate relates to XOR-dependent reduction of nitrite to NO that targets the neutrophil through, at least in part, a repression of both MPO and neutrophil CD11b activity and expression, together with an up-regulation of antiinflammatory IL-10. Taking these data together, we suggest that dietary nitrate as a method for elevating NO could have potential clinical utility in stabilizing the atheromatous plaque, and in this way might prove useful in the therapeutics of atherosclerotic disease.
Methods
Animal Studies. All experiments were conducted according to the Animals (Scientific Procedures) Act 1986, United Kingdom, approved by the United Kingdom Home Office and reported according to the ARRIVE (Animals in Research: Reporting in Vivo Experiments) guidelines (66, 67) . Male ApoE KO mice (on a C57BL6 background) and WT littermate mice at 6, 12, and 18 wk of age were bred in-house. In some experiments C57BL6 male mice (10-12 wk of age) were purchased from Charles River. Animals were randomly allocated to groups. Mice used at 6 or 12 wk of age were fed a NCD and tap water or water supplemented with KNO 3 (0.5, 15, or 45 mmol/L) or KNO 2 (0.5, 1 mmol/L) for 2 wk. Animals used at 18 wk of age were either fed a NCD or a "high fat" Western style diet (HFD) containing 21.4% crude fat (Western RD 829100, Special Diet Services) and received KCl (15 mmol/L) or KNO 3 (15 mmol/L) in their drinking water from 6 wk of age. Up to six mice were housed according to their treatments in any single cage. For telemetry, mice were housed singly following treatment allocation.
Plaque Characterization. Animals were perfusion-fixed and the entire aorta excised and cleaned of fat. The aorta was stained with Oil red O and imaged en face. Brachiocephalic arteries were paraffin wax-embedded, sectioned and stained with H&E, anti-αSMA, anti-Mac2 (for macrophage identification), and Picrosirius red. For full details, see SI Methods.
Intravital Microscopy of the Cremaster Muscle. ApoE KO or WT mice (6-, 12-, or 18-wk-old) were anesthetized using xylazine 7.5 mg/kg and ketamine 150 mg/kg, i.p., the cremaster muscle exposed and superfused with bicarbonatebuffered solution gassed with 5% (vol/vol) CO 2 and 95% (vol/vol) N 2 at 37°C. Leukocyte rolling and adhesion were counted. In studies using 6-and 12-wk-old mice, KNO 2 (1, 3, and 10 μmol/L) was superfused onto the preparation and leukocyte rolling and adhesion determined. For full details see SI Methods.
Radiotelemtric Recording of Hemodynamics. Radiotelemetric transmitters (TA11PA-C10, Data Sciences International) were implanted into 16-wk-old mice to record blood pressure. At 7-10 d following surgery, blood pressure was recorded for 24 h. During this period the mice were left undisturbed and maintained on a 12-h light/dark cycle. For full details, see SI Methods.
Measurement of Nitrate, Nitrite, and cGMP Levels. Plasma and tissue nitrite and nitrate levels (collectively termed NO x ) were measured by ozone-based chemiluminescence (68) and cGMP using a commercially available assay. For full details, see SI Methods.
Measurement of Liver and Erythrocytic Nitrite Reductase Activity. The nitrite reductase activity of tissue supernatants was determined using gas-phase chemiluminesence (69) at pH 7.4 (representing physiological conditions) or pH 6.8 (severe acidosis but also conditions that favor nitrite reductase pathways). Involvement of XOR was ascertained by pretreatment with allopurinol (100 μmol/L) or vehicle for 30 min.
Peritoneal Inflammation. WT or ApoE KO mice were injected intraperitoneally with TNF-α) (300 ng), zymosan (1 mg), or sterile PBS. After 4 or 24 h, the peritoneal cavity was washed with PBS and lavage fluid collected and a cell count performed using a hemocytometer. The lavage pellet was split and part used for flow cytometry and the remaining for a MPO assay (for full details, see SI Methods). The mesentery from the same animals was collected, placed in liquid N 2 , and stored at −80°C for subsequent MPO analysis. These stimuli were chosen because both complement and TNF-α have been implicated in the systemic and local inflammation that characterizes preclinical models (70, 71) of atherosclerosis and in human disease (45) .
Flow Cytometry of Peritoneal Lavage Fluid and Blood. Blood (50 μL) or peritoneal lavage fluid (5 × 10 5 cells) were incubated with various fluorochromeconjugated antibodies following which erythrocytes were lysed using RBC lysis buffer (eBioscience). Viability solution (7-ADD) was added before acquisition on a LSR II Fortessa (BD Biosciences). All flow cytometric data were analyzed using FACS Diva software (BD Biosciences). For full details, see SI Methods.
Western Blotting. Equal amounts of protein homogenates of liver or erythrocytes were subjected to Western blotting to determine XOR expression levels. For full details, see SI Methods.
Cytokine Assessment. Following cardiac puncture, blood was centrifuged at 13,000 × g for 5 min at 4°C and plasma collected and stored at −80°C for later analysis. Plasma CXCL1, CCL2, CCL5, IFN-γ, IL-10, IL-1β, IL-4, and GM-CSF levels were determined using the BD Cytokine Bead Array according to manufacturer's guidelines. Plasma (CXCL2) was determined using CXCL2 Quantikine ELISA (R&D systems). IL-10 was assessed in peritoneal lavage fluid using IL-10 DuoSet ELISA (R&D Systems).
Plasma Lipid Levels. Plasma cholesterol was determined using a commercially available kit, according to the manufacturer's guidelines (HDL and LDL/VLDL Cholesterol assay kit, Abcam).
Quantitative RT-PCR of Mouse Aorta. Samples were homogenized and RNA extracted for quantitative RT-PCR (qRT-PCR) analysis with SYBR green, using specifically designed primers. For full details, see SI Methods.
Liver XOR Activity. Liver XO activity was determined using a commercially available kit, according to manufacturer guidelines (xanthine oxidase assay kit, Abcam).
Data and Statistical Analysis. Power calculations for assessment of total aortic plaque indicated an n = 14 were required to expose statistical differences. Because of in-house breeding and a desire to allocate at least one animal to each intervention from any litter, there were variations in group size for this experiment of 14-18. For assessment of aortic mRNA levels, power calculations indicated an n = 10 necessary to expose statistical differences. In both cases an additional n value was added to account for technical difficulties. For 18-wk intravital microscopy, NCD n = 10 and HFD n = 15 animals were used. For assessment of the impact of nitrite on leukocyte recruitment, an n = 7 animals were allocated and n = 10 for all other inflammatory experiments in WT or ApoE KO mice, with the exception of n = 17 for experiments with zymosan. All data are shown as mean ± SEM. For statistical comparisons, either unpaired Students t test or one-way or two-way ANOVA followed by Dunnett's or Sidaks posttest used for multiple comparisons as appropriate. Where ANOVA was applied, posttests have only been conducted where F achieved P < 0.05 and there was no significant variance in homogeneity. Any P value less than 0.05 was taken to infer statistical significance. Variation of n values relate to technical failure or from identification of outliers using the ROUT (72) exclusion test. Where any exclusions have occurred, this has been stated explicitly in the figure legends. All analysis was conducted using Graphpad Prism 6.0.
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